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Measurement of glomerular blood flow in rabbits and rats: Er-
roneous findings with 15-gm microspheres. Intrarenal distribution
of blood flow was assessed in rabbits and rats with the 15-/Lm
microsphere method. Collection of individual glomeruli after sili-
cone rubber arterial filling of the kidney permitted determination
of blood flow rate per glomerulus (GB F) in glomeruli from vari-
ous cortical depth and with different vascular patterns: GI, most
superficial; G4, true juxtamedullary (giving rise to vasa recta); G2
and G3, intermediate. In rabbits, GBFs in Gi and G4 were equal
and significantly higher than were GBFs in G2 and G3 (UI to G4:
198 21 SEM, 101 18, 114 14, and 197 13 nllmin). In
rats, GBF in Gi was threefold higher than that of other glomeruli
(Gi, 308 18; G2-G3, 108 16; G4, 100 10). Mean size and
the frequency distribution of the microspheres found in superfi-
cial and deep glomeruli in the rabbit, both differed significantly.
Larger spheres were preferentially found in superficial glomeruli
in both species. This uneven distribution of the microspheres of
different sizes throughout the cortex, as well as the unlikely fil-
tration fractions that are derived from the present GBF values
and commonly reported values for SNGFR, lead to the con-
clusion that microsphere distribution in the renal cortex does not
reflect intracortical blood flow distribution accurately in rats and
rabbits. From the present study, no statement can be made con-
cerning the use of the microsphere technique in the dog.
Mesure du debit sanguin glomerulaire chez le lapin et le rat:
Résultats erronés obtenus par Ia technique des microsphères. La
distribution intracorticale du debit sanguin renal a été étudiée
chez le lapin et chez le rat par Ia technique des microsphéres. Le
debit sanguin par glomerule (GBF) a été déterminé pour quatre
types de glomerules, prélevés par microdissection sur les reins
injectés de silastic par voie artérielle: Gi, glomerules les plus
superficiels; G4, glomérulesjuxtamedullaires (donnant naissance
aux vasa recta); G2 et G3, glomerules intermédiaires. Chez le
lapin, le GBF est comparable dans les Gi et les G4 et signifi-
cativement plus élevé que dans les G2 et les G3 (Gi a G4:
198 21 5EM, 101 18, 114 14, et 197 13 nllmn). Chezle
rat, le GBF des Gi est trois fois plus élevé que celui des autres
glomérules (Gi, 301 18; G2—G3, 108 16; G4, 100 10).
Les microsphéres retrouvées dans les glomérules superficiels
ont un diamètre moyen superieur a celui des microsphéres retro-
uvées dans les glomerules profonds chez le lapin. Chez les deux
espéces, l'étude des histogrammes montre que l'on retrouve une
plus forte proportion des microsphères les plus grosses dans les
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glomérules superficiels que dans les glomerules profonds. Ces
résultats (repartition inégale des microsphères de différentes
tailles dans les glomdrules situés a différents niveaux du cortex),
ainsi que les valeurs peu vraisemblables de fraction de filtration
qui résultent des GBF ci-dessus (compte-tenu des filtrations
glomérulaires déjà connues) permettent de conclure que Ia distri-
bution des microsphéres dans le cortex renal ne reflète pas fid-
element Ia distribution intracorticale du debit sanguin renal chez
le lapin et chez le rat. Ce travail ne permet pas de tirer des con-
clusions en ce qui concerne l'application de Ia technique des mi-
crosphères chez le chien.
The microsphere method has been used exten-
sively in recent years to assess intracortical distri-
bution of renal blood flow, mostly in dogs, in which
the first studies were developed [1—4], but also in
rabbits [5—7] and rats [8—10] (for more references,
see recent reviews by Stein [111 and Aukiand [12]).
In a previous study [5], we introduced a modifica-
tion of this method which was thought to provide an
accurate assessment of glomerular blood flow in
glomeruli from various depths of the renal cortex
and with different vascular patterns. Further studies
performed in rabbits and rats, and reported in the
present paper, lead us to question the validity of the
microsphere method for determining regional blood
flow in the renal cortex in these two species.
Methods
A modification of the microsphere technique,
previously described [5], was used to assess gb-
merular blood flow in four types of glomeruli: Gi,
glomeruli lying in the superficial cortex, each giving
rise to a straight efferent arteriole which extends un-
branched to the kidney surface; G2, other glomeruli
from the superficial half of the cortex; G3, glomeruli
from the deep half of the cortex, except G4; G4,
glomeruli whose efferent arterioles descend to-
wards the medulla and divide into bundles of vasa
recta.
Rabbit studies. Studies were performed in eight
"Fauve de Bourgogne" hydropenic male and fe-
male adult rabbits (1.7 to 2.5 kg), prepared as de-
scribed previously [5]. Two million radioactive
strontium-85 microspheres (15 5 pm; 3M Compa-
ny) suspended into 0.3 ml of 10% dextran were in-
fused into the left ventricle over a period of 20 to 30
sec. This amount of spheres, which provides an av-
erage of one microsphere per glomerulus, ensures a
reasonable accuracy in the following measurements
and does not alter renal function [5]. During the
sphere infusion, a reference blood sample was with-
drawn from the femoral artery at a rate of 1 mi/mm.
The kidneys were then removed and silicone rubber
(Microfil, Canton Biomedical Products) was inject-
ed into the left renal artery to fill the glomeruli and
their arterioles, thereby making possible the identi-
fication of the different types of glomeruli described
above. After adequate maceration of the kidney, in-
dividual glomeruli were harvested by micro-
dissection under stereomicroscopic observation [5].
Three groups of 50 glomeruli of each of the four
types were collected in each animal, and their radio-
activity was counted. Renal blood flow (RBF) and
blood flow per glomerulus of each type (GB F) were
determined according to the equation RBF/
QK =GBF/Qg = RefF/QF, where QK, Qg, and Qf
represent the radioactivity of the whole kidney, the
radioactivity per dissected glomerulus, and that of
the blood sample, respectively, and where Ref F is
the sampling rate of blood from the femoral artery.
As will be seen in the discussion, the values for
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Fig. 1. A Renal and "glomerular bloodflow" in the rabbit (microsphere method). Total renal blood flow (RBF) measured in eight rabbits
is shown on the left panel. 'Blood flow per glomerulus" (GBF) of each type, Gi to G4, determined in the same rabbits, is shown on the
right panel. Lines join the values obtained for the different types of glomeruli in the same animal. Each point is the mean of 3 x 50
glomeruli (*** = P < 0.001, paired t test). B Renal and 'glomerular blood flow" in the rat (microsphere method). Measurements were
performed in six rats and are presented as in Fig. IA. In this species, glomeruli G2 and G3 were not studied separately (Figures at the
lower part of each graph denote the means SEM; 'a' = P < 0.001, paired t test).
Rat
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Table 1. Mean diameter of microspheres infused into rabbits and recovered in glomeruli
Experiment
no.
Infused
suspension"
Glomeruli from
whole kidney
Glomeruli from outer
third of cortex
Glomeruli from inner
third of cortex
1
2
3
15.46 0.09
15.46 0.09
15.46 0.09
NS
NS
15.32 0.14
15.13 0.14
—
15.76 0.16
I
15.52 0.14
I
15.38 0.13
p<,ØQ
P<0.01
P<0.001
14,42 0.13
14.91 0.17
14.77 0.11
Results are means SEM of 200 spheres, expressed in micrometers except in infused suspension where 500 spheres have been
measured. Differences were compared by Student's t test.
These unlabeled spheres were bought from 3M Company in 1971 and had a wider size distribution than did the labeled spheres
received more recently. In this batch, SD was 1.98 im (N = 500 spheres).
GBF found in the present study seem questionable.
For this reason, we will henceforth use the term
"GBF" in quotation marks.
In three additional rabbits prepared in the same
way and receiving an i.v. infusion of isotonic glu-
cose solution (1 mI/mm), 6 x 106 unlabeled micro-
spheres, 15 5 m, were infused into the left ven-
tricle. The kidneys were removed. The left kidney
was frozen, and pieces of cortex were cut with a
razor blade into three layers of equal thickness, that
is, outer, middle, and inner zone of cortex. The
middle zone was discarded. The outer zone con-
tained mainly Gi glomeruli; the inner zone con-
tained G3 and G4 [13]. The entire right kidney and
the outer zone fragments and inner zone fragments of
the left kidney were macerated separately in 50%
hydrochloric acid for 2 hours at 37° C and then sus-
pended in tap water. In aliquots of the resulting sus-
pension of tubules and glomeruli, microspheres
seen in the glomeruli by microscopic observation
were measured with a micrometer eye piece. At
least 200 microspheres were measured in each sus-
pension: the whole kidneys, the outer and the inner
cortical zones of the three rabbits. Five hundred
microspheres of the injected suspension were also
measured.
Rat studies. The same procedure as described
above for the first group of rabbits was adapted for
RBF and GBF determinations in six male adult Wis-
tar rats (210 to 370 g). In each rat, 400,000 micro-
spheres were injected, so as to provide an average of
one microsphere per glomerulus. The rate of femo-
ral blood withdrawal was 0.4 mllmin. Micro-
dissection of glomeruli was performed as in the rab-
bit but, because of the smaller size of the kidney, G2
and G3 glomeruli were gathered in a single group.
Statistical analysis. "GBF" obtained in the dif-
ferent populations of glomeruli in each species were
compared by an analysis of variance and then were
compared by paired t tests. Differences in the mean
diameter of spheres found in superficial and deep
glomeruli were compared by Student's t test. Final-
ly, the frequency distribution curves of microsphere
sizes, expressed as cummulative percentage of all
spheres measured in each zone, were compared by
a nonparametric test, the Kolmogorov-Smirnov
two-sample test [14].
Results
Total RBF and "GBF" found in rabbits and rats
are shown in Fig. 1. RBF values in both species are
similar to values generally reported in anesthetized
animals. In rabbits, mean values for "GBF" in Gi
and G4 were nearly equal and significantly higher
than they were in G2 and G3. In rats, "GBF" in GI
was threefold higher than that of other glomeruli.
The mean size of the microspheres, trapped in the
glomeruli of the rabbit kidney as a whole, was not
different from that of the injected suspension (Table
1), showing that microsphere of all sizes had
reached the glomeruli. But when the diameter of
these spheres was assessed separately in different
cortical layers, the microspheres found in the
glomeruli of the superficial one-third of the renal
cortex were always larger than those found in the
inner third, as indicated in Table 1. When frequen-
cy-size distribution curves were considered, we ob-
served that spheres of all sizes reached deep as well
as superificial glomeruli, but that larger spheres
were found more frequently in superficial glomeruli,
whereas smaller spheres were more numerous in
deep glomeruli. Figure 2 shows the cummulative
frequency distribution of microspheres found in the
superficial and deep glomeruli, microspheres from
which mean diameters given in Table 1 were calcu-
lated. It can be seen, for example, that spheres with
diameter of 7 U (14.7 m) or less, represent 59% of
the population of spheres found in superficial
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glomeruli and 74% of that observed in deep glomer-
uli. The difference between both cummulative fre-
quency distributions of superficial and deep glomer-
uli is highly significant (P < 0.001).
Discussion
In recent years, the microsphere method has en-
joyed widespread use in the assessment of intra-
cortical distribution of blood flow 111-101. Most au-
thors have determined the blood flow at different
levels of the cortex from measurements of micro-
sphere radioactivity per gram of tissue in cortical
slices taken successively from kidney surface to
outer medullary border [1—4, 6, 8]. In some studies,
the number of glomeruli in each slice or the gb-
merular density per gram of tissue has been deter-
mined to calculate absolute or relative GBF [1, 3,
15]. Thus, to permit more accurate determination of
the blood flow in precisely defined types of glomer-
uli, we have used a microdissection technique
which allows the vascular pattern of the glomeruli,
as well as the number of glomeruli under study, to
be determined [5]. We have found that "GBF" was
not homogeneous throughout the cortex (Fig. 1). In
the rabbit, both the most superficial (Gi) and the
true juxtamedullary gbomeruli (G4) have higher
"blood flow" rates than do intermediate glomeruli.
In the rat, "GBF" in the most superficial glomeruli
(308 18 nllmin) is threefold higher than that in
other glomeruli. Reported values for superficial
GBF obtained in micropuncture experiments aver-
age 120 to 200 nhlmin [16, 17].
Do the present results really reflect "GBF" dis-
tribution? Two different findings support a negative
answer: (1) the very unlikely single nephron filtra-
tion fractions (SNFF) resulting from the GBFs"
shown in Fig. 1; (2) the evidence presented in this
study that spheres of different sizes do not reach all
glomeruli evenly.
Unlikely SNFF. In a separate study [18] we mea-
sured single nephron filtration rate (SNGFR) in two
types of superficial nephrons in the rabbit (Fig. 3)
with the '4C-sodium ferrocyanide technique [19]. Si
and S2 nephrons had the same SNGFR, which,
taken together with the GBF found here (198 and
101 nhlmin, respectively), would imply a nearly two-
fold difference in Gi and G2 SNFF. In the rat, the
commonly reported values for superficial and jux-
tamedullary SNGFR obtained by the ferrocyanide
technique are approximately 30 and 40 nllmin, re-
spectively [20]. From combination of this data with
the "GBFs" of 308 and 100 nI/mm found in this
study (assuming hematocrit was 0.40), surprising
Fig. 2. Cum,nulative frequency distribution curves of micro-
spheres found in glomeruli of the superficial and deep cortex of
the rabbit. Each curve (superficial, S; and deep, D) is the mean of
measurements made in three rabbits (200 spheres in both the su-
perficial and the deep glomeruli per animal). Small spheres are
more frequent in the deep than they are in the superficial glomer-
uli. On the contrary, large spheres represent a higher percentage
of recovered spheres in the superficial than they do in the deep
glomeruli.
SNFFs of 0.16 and 0.67 are found. None of these
values can reasonably fit with our current knowl-
edge of glomerular filtration mechanisms.
Uneven microsphere-size distribution. The fact
that spheres of slightly different sizes, that are pres-
ent in a 15 5 sm batch, do not distribute evenly
throughout the cortex (Table 1 and Fig. 2) shows
that some "selection," not due to blood flow, influ-
ences microsphere intracortical distribution. This
selection can be induced by two factors: axial
streaming of spheres, or geometry of the preg-
lomerular vessles (interbobular arteries and afferent
arterioles), or both.
(A) Axial streaming. In hydrodynamic studies, red
cells and rigid particles are known to accumulate in
the center of tubes [2 1—23]. In the kidney, according
to the arterial vascular pattern of the cortex, this
axial streaming" should reduce the number of
spheres entering the deep and midcortical gbomeru-
li, as their afferent arterioles are lateral branches of
the interlobular arteries. Consequently, the excess
of spheres which is accumulated in the center of the
arteries should be driven towards the most superfi-
cial glomeruli, the afferent arterioles of which pro-
long these arteries (Figs. 3 and 4). The magnitude of
this artefact in vitro increases with the size of the
particle relative to that of the tube. Consequently,
McNay and Abe [1] concluded that the axial
streaming did not occur in the dog kidney because
they obtained similar intracortical distributions of
4 5 6 7 8 9 10 11
Micrometer units (1 U = 2.1 m)
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Fig. 3. Comparison of glomerular types and nephron patterns in the rabbit kidney. During the microdissection of nephrons performec
with the ferrocyanide technique, we distinguished two types of "superficial nephrons," Si and S2, which probably have glomeruli G]
and G2, respectively. SI (left panel) had nearly all the convolutions of their proximal tubule close to the kidney surface, whereas S
(right panel) had only a few convolutions reaching the surface. The superficial cortex of a rabbit kidney injected with Microfil is showr
for comparison (middle panel). Renal surface is indicated by a dotted line (adapted from Figs. 1 and 2 in Ref. 18).
microspheres with diameters of 18, 27, and 35
.cm.
On the contrary, in the same species, Katz et al [31
found different distribution patterns of 15- and 35-gm
microspheres. In the present study, we did not use
different batches of spheres but took advantage of
the size differences that exist in a single batch. Simi-
larly, Warren and Ledingham found spheres in the
superficial cortex whose mean diameter was signifi-
cantly larger than that of the spheres in the injected
suspension, in young (but not in adult) rabbits [7].
Sabto, Bankir, and GrUnfeld [241 reported similar
findings in the rat kidney. They found, by measur-
ing spheres in kidney sections cleared with methyl-
salicylate, that the spheres lodged in superficial
glomeruli were significantly larger than those seen
in deep glomeruli.
It is important to note that axial streaming tends
to overestimate "blood flow" in superficial glomer-
uli in two different ways: (1) Larger spheres arc
more subjected to this artefact. As the radioactivity
is related to sphere volume, they will give a greatel
number of counts. A difference in sphere diametei
from 15 to 16 cm represents a 20% increase in vol.
ume. (2) Axial streaming can occur even if a!
spheres are exactly the same size (that is, 15
sm); it will then result in an excessive number 01
spheres reaching the most superficial glomeruli,
Consequently, failure to observe a difference in size
between spheres lodged in superficial and deer
glomeruli does not mean that axial streaming ha
not occurred. On the other hand, when such a dif.
ference is found, as in the present report, it prob.
ably means that not only too many large spheres bul
also too many spheres of any size have reached the
superficial glomeruli. Attempts to reduce the size
range in a batch of spheres [9] can only reduce the
S2
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Fig. 4. Superficial cortex of rabbit kidney injected with Microfil silicone rubber via the renal artery. Note the very different pattern of the
afferent arteriole supplying Gi and G2 glomeruli. Gl have their afferent arterioles in the prolongation of interlobular arteries (JA). 02
afferent arterioles are branched at right angle from the interlobular arteries. These arterioles are approximately 20 jsm wide. Even if
glomeruli A and B have the same blood flow, it seems likely that microspheres flowing in the interlobular artery will preferentially be
driven into glomerulus A rather than into glomerulus B. Renal surface is indicated by a dotted line. Vertical bar =200 m.
error due to volume-related radioactivity.
(B) Geometry of the vessels. The pattern of arterial
vessels in the cortex can, in all likelihood, also in-
duce a sphere selection. One can assume that the
diameter of the afferent arterioles per se is not limit-
ing the entry of the microspheres in the glomeruli,
as nearly all beads are smaller than the arterioles
(and, in fact, it has been confirmed in many studies
that nearly all "15 5" rm spheres are indeed re-
covered in the glomeruli [1, 2, 5, 9, 25, 26]. Recent
investigations have shown that the afferent arteriole
diameter is approximately 18 to 20 j.tm in the rabbit
(slightly larger in juxtamedullary than in superficial
glomeruli) [13], and at least 18 im in the rat [16].
Even in the absence of axial streaming, there is
probably a microsphere-free plasma layer along the
walls of the interlobular arteries [27], as is the case
for red cells [28, 29]. As microspheres are only
slightly smaller than the afferent' arterioles are and
because of this particle-free plasma layer, it seems
obvious that the spheres will have less chance to
enter afferent arterioles than the surrounding
plasma, especially when the arterioles are branched
from the interlobular artery with a right or recurrent
angle (Fig. 4) [30—32]. The larger the spheres, the
more pronounced will be this phenomenon. On the
contrary, even the larger spheres will enter, without
hindrance, the most superficial glomeruli, because
the afferent arterioles to these glomeruli are nothing
but an extension of interlobular arteries (Fig 4).
This geometric" factor thus contributes to driving
too many spheres, and mostly the large ones, into
superficial glomeruli, adding its effects to those of
axial streaming.
Similar to our finding, Yarger, Boyd, and Schra-
der [33] found that microspheres lead to spurious
132 Bankir et a!
GBFs and to aberrant SNFFs in the rat. On the oth-
er hand, some authors reported that there were no
artefacts in microsphere studies in the rat, at least
during hydropenia: Wallin et al [8] found a parallel
distribution of l5-m microspheres and anti-
glomerular basement membrane antibody. They
stated that "blood flow per glomerulus was fairly
uniform throughout the cortex." On the contrary,
during saline expansion, a concentration of spheres
was found in the superficial cortex, interpreted as a
consequence of axial streaming or as a reflection of
increased hematocrit [8]. Poujeol et al [10], using
11-p.m microspheres, found a lower number of
spheres per glomerulus in superficial than in deep
nephrons during hydropenia and a disproportionate
increase in superficial nephrons during saline diure-
sis. Chenitz, Nevins, and Hollenberg [26] have
studied the intrarenal distribution of 15-p.m micro-
spheres and the glomerular density in kidney sec-
tions by microscopic observation. Both patterns
were roughly parallel except in the outer cortical
layer where sphere density definitely exceeded that
of glomeruli (Fig. 3 in Ref. 26). Källskog et al [9],
using the microdissection technique [5], found a
higher blood flow in superficial (probably corre-
sponding to our Gi plus G2) than they did in jux-
tamedullary glomeruli (146 and 99 nllmin/l00 of
body wt, respectively). They stated that there was
no axial streaming because the radioactivity and
number of spheres were in the same proportions in
the superficial and deep cortex. This is a spurious
deduction, as they had prevented the appearance of
such a difference by reducing the size range of the
microspheres they used.
In conclusion, the fact that microspheres of
slightly different sizes do not distribute evenly
throughout the cortex in rabbits (present study and
that of Warren and Ledingham [7]) and in rats [24]
suggests that, in addition to blood flow, other fac-
tors (namely, axial streaming and vessel geometry
and size) influence the microsphere distribution in
the renal cortex of these species. Both of these fac-
tors (in unknown proportion) tend to overestimate
blood flow in the most superficial glomeruli and to
underestimate blood flow in all other glomeruli. For
these reasons, the microsphere technique does not
seem adequate, in our view, for glomerular or intra-
cortical blood flow distribution studies in rats and
rabbits. In the dog, the renal cortex is much thicker
and, thus, interlobular arteries much longer. This
should favor the axial streaming of particles which
is known to increase with the distance of flow [23].
On the other hand, as the afferent arterioles are def-
initely larger than they are in the rat and rabbit [26],
the influence of geometric factors should be re-
duced. From the present study, no conclusion can
be deduced concerning the validity of the micro-
sphere technique in the dog.
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